Calderone, Italy, the southemmost in Europe, are described and compared with those of surveys made in earlier years . Recession and thinning, much affected by micro-climate, have been the predominant state of health during the 20th century. Between 1916 and, volume is estimated to have been reduced by about 90% and area by about 68% .
INTRODUCTION
Ghiacciaio del Calderone (42°28' 15"N, 12°27'08" E) is of particular interest as the southernmost glacier in Europe. It is situated in a north-northeast-facing cirque cut into the limestones of Como Grande (2912 m), the highest peak of Gran Sasso, Abruzzo, Italy (Fig. I) . Not much is known about its history. The earliest map on which it appears dates from 1887 but its representation is only vague. Observations and occasional surveys have been made since 1893 (Bonarelli, 1893) . The history of Ghiacciaio del Calderone has been documented by Smiraglia (1990) and Smiraglia and Veggetti (1991) , and preliminary geoelectrical surveys of ice volume have been conducted by Smiraglia and Veggetti (1992) . A detailed topographic and geomorphological survey was carried out during the period from 30 August to 3 September 1990. Comparison of the state of the glacier in 1990, with available information from earlier years, suggests that Ghiacciaio del Calderone may disappear within 50 years, should current rates of wastage continue.
Ghiacciaio del Calderone now clings to the steep slope of the headwall, a thin lobe of ice still stretching across the cirque floor. The ice extends from a maximum altitude of 2839 m to a minimum of 2670 m. Below 2760 m, the surface is effectively buried by a layer of debris up to I m thick. The glacier is confined within the cirque behind a prominent bedrock ridge at the lip. The terminal moraine lies on the lip at 2700 m.
Prominent ice-cored moraines and ice-deformed talus slopes occupy the slopes above the tongue. Franchetti and descends to an altitude of about 2500 m. This is the only geomorphological indication of ice expansion outside the cirque and is the likely extension of ice during the Little Ice Age.
mSTORICAL GLACIER SURVEYS
A sketch survey of Ghiacciaio del Calderone made by Marinelli and Ricci (1916) showed the approximate extent of the ice at that time ( Fig. 2a ) but was not very accurate. A more accurate survey was completed by Sforzizi and Tonini in 1934 (1934-37; Fig. 2b ).
Comparison of the early maps suggests a reduction in area of about 14-15% between 1916 and 1934 but it provides only a rough guide to the extent of change because of their lack of precision and the difficulty of identifying the ice edge beneath the debris cover. The specific figures given for the length of Ghiacciaio del Calderone do not clarify the situation, since these suggest that the glacier was 40-50 m longer in 1934 than in 1916. Systematic observations were begun by Tonini (1934 Tonini ( , 1936 Tonini ( , 1955 Tonini ( , 1963 . Detailed topographic surveys were undertaken in (Smiraglia and Veggetti, 1992) , whilst the depletion of debris-covered ice in the cirque amounts to over 60%. Estimation of volumetric change is handicapped by the existence of a substantial amount of buried ice, the full extent of which is not accurately known. Glacier area ha 7.0· 6.0 6.0 t 4.5 2.0t
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The course of ice-front recession is difficult to determine. At its fullest extent, during the Little Ice Age, the glacier filled the cirque basin and built up against the proximal front of the moraine, whilst a small ice lobe spilled over into Valle delle Cornacchie. The front is now withdrawn into a hollow behind the moraine. Some of the survey markers on the terminal lobe established by Sforzini and others (Tonini, 1963) were recorded during the 1990 survey. But, the recorded heights of the same markers in the various publications differ. This is attrib\lted to melting of ice within the moraine. In 1934, Point I (Fig. 2b) was given a height of 2693 .7 m, but in 1990 it was found to be at 2678.7 m. Point III was recorded at 2690.7 m in 1934 and 2683.9 m in 1990. Similar discrepancies have been found with the heights of points Il and IV.
A geoelectrical survey of the ice lobe on the cirque 488 floor revealed a depth of 10 m (Smiraglia and Veggetti, 1992) . Further measurements of depths up to 16 m were made on exposed ice faces, whilst measurements in the crevasses indicate that in some places the ice is no more than 3-8 m thick. The ~ depth of the upper Ghiacciaio del Calderone is unknown but may be quite thin. Inspection of the ice from the Corno Grande ridge above suggested that it was little more than 5 m thick. Substantial quantities of buried ice underlie both the frontal moraine and rockfall-covered slopes of the lower basin. Currently, this is estimated to include roughly 40% of the volume, indicating that approximately 120 000 m 3 of ice remain in the Ghiacciaio del Calderone cirque.
DISCUSSION
I t is clear that recession has not taken place at a uniform rate. In addition to the small advances measured by Tonini (1963) , Zanon (1963-64 ) noted a period of positive mass balance in the early 1960s and observed ice advances during 1962-63 at several survey stations. The glacier was recorded as either stationary or advancing in 24 of the 35 years during the period 1925-60. A small advance of ice occurred in 1969; it was then stationary in the early 1970s but withdrew sharply in 1974. In 1979, the tendency was again towards increase. Although Ghiacciaio del Calderone did not show so much tendency to expand during the period 1960-80 as many of the other Alpine glaciers, there was a slight overall increase in volume (Pelfini and Smiraglia, 1988) . Tonini (1963) and Smiraglia and Veggetti (1991) attempted to investigate in a general way the relations between glacier behaviour and meteorological variables, making use of data from Isola del Gran Sasso, the nearest station, 8 km from the glacier at an elevation of 420 m (Fig. 3) . Three periods with high precipitation and lowered temperature occurred: the second half of the 1930s, the later 1950s to the early 1960s and during the second half of the 1970s. The coldest period was the last; in 1973-78 the 5year running mean annual temperature was below the 12.2°C norm of the period 1925-89. In 1976, the 5 year running mean temperature was lowest at 1O.l o C and in the same year the highest total annual precipitation was recorded at 1779 mm (cf. average annual precipitation 1919-89 ofI185mm). During these periods, the ice was almost always covered by old snow and firn at the end of the ablation season, indicating positive mass balances.
From the mid 1940s to the early 1950s, in the second half of the 1950s and in the 1980s, conditions were unfavourable for glacier growth. From 1966 to 1972, mean annual temperature was constantly above normal, with a maximum for the whole series of 14.5°C occurring in 1967. Precipitation was almost always below normal from 1981 to 1989. Unfortunately, Ghiacciaio del Calderone was not observed every year, especially after the mid 1960s but, when it was monitored, it was almost always without an old snow cover.
Ghiacciaio del Calderone is greatly influenced by local climate. Its survival during the 20th century, whilst the theoretical snow-line altitude has been above the highest peaks of Gran Sasso (Tonini, 1963) , is to be attributed to 1923 1930 1935 1~0 1945 1955 1960 1965 1970 1975 1960 1985 1923 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1960 1985 Fig (Belloni and others, 1985; Zanon, 1985) . It is evident, from the historical surveys of Ghiacciaio del Calderone, and from recent detailed observations, that its continued survival is a function not only of climate but also the effectiveness of topographical protection. The sensitivity to local climate is reflected in the rapid response to adjustment to changes in mass balance during the last century and in particular since the period of observations by Tonini in the 1960s. Ghiacciaio del Calderone has been responding to a negative mass balance throughout the latter part of the 20th century and, as such, the time-scale for adjustment can theoretically be assessed using measurements of ice depletion (volume loss) and glacier shortening U6hannesson and others, 1989) . However, despite repeated historical surveys of Ghiacciaio del Calderone, concern is expressed regarding their accuracy for reconstructing the former extent and thickness of ice in the Ghiacciaio del Calderone basin. Furthermore, topographic irregularities, such as the elevated lip of the basin, restrict glacier elongation at rates commensurate with noticeable ice thickening. The models proposed by J 6hannesson and others (1989) assumed distinctive glacier-terminus characteristics, knowledge of steadystate conditions and similarity of long-profile geometry.
These assumptions cannot be met satisfactorily under the present conditions of glacier decay. The extreme negative net-balance conditions of Ghiacciaio del Calderone dominate the current behaviour pattern and the most recent, detailed topographic survey will form a base line for accurate assessments of the volume flux.
CONCLUSIONS
Recession has dominated the 20th century history of Ghiacciaio del Calderone. The very rapid rate of loss of area and volume which seems to have occurred since 1960 is typical of glacial history not only in Europe but also elsewhere in the world (Grove, 1988) . Wastage has been interrupted by stationary periods or small advances. Available information does not suggest very close parallelism with the timing of fluctuations farther north in Europe.
Apparent increase in area between 1916 and 1934 could be due to advances immediately after 1916, roughly concurrent with those in the Alps (Grove, 1988; Patzelt, 1990) , but could also be accounted for by the inaccuracy of the 1916 sketch map. The timing of the more recent small advances can be compared with other European glaciers. While some of the glaciers of Mont Blanc showed minor increases in extent between about 1930 and 1935, much more pronounced were the retreats after about 1945 and advances in the 1960s and 1970s which were not observed on Ghiacciaio del Calderone. The details of the Ghiacciaio del Calderone variations are heavily dependent on local conditions within the cirque. Variations of wind direction and extent of eddying are suspected to have an important influence on accumulation and shading on ablation. It is such factors, together with the frequency of rockfalls, which account for the present survival of Ghiacciaio del Calderone, despite its southerly position.
